High-power pulse fiber lasers (HPPFLs) using Yb-doped double-clad fiber for industrial applications are evolved as two types including Seed LD-based Master-Oscillator Power-Amplifier (Seed-LD-MOPA) and Q-switched fiber-laser-based Master-Oscillator Power-Amplifier (QS-MOPA). Seed-LD-MOPA can change pulse duration and temporal pulse shape easily, but bad effects such as super-pulsing phenomena and Stimulated-Brillouin Scattering (SBS) should be suppressed which may damage the lasers or lower the average power. QS-MOPA has good power scalability, but the pulse duration and temporal pulse shape are not easily changed. These HPPFLs are penetrating into mass-production area of microelectronics industries such as semiconductor, display, and PCB industries. The microelectronics industry has market size of $390B in 2006 which compositions are $260B, $80B, and $50B for semiconductor, display, and PCB industries, respectively. In this review paper, the recent technology development of the pulse fiber lasers and their composing components, their industrial microelectronics applications, total microelectronics industry markets will be reviewed.
Introduction
During the telecom boom from 1998 to 2002, more than 1 trillion dollars were put into long-distance optical transmission systems and their core-technology developments including standard optical fibers, pumping diode lasers (LD), all-fiber beam combiners, double-clad optical fibers for high power fiber lasers, and others. A lot of telecom component manufacturers are now gone, but many of the bankrupt assets and talents are now working for industrial laser applications. The LD fabrication facilities for telecom are now producing high-power 808nm LDs to pump YAG and YVO4 lasers and high-power 915nm and 975nm LDs to pump high-power Yb-doped fiber lasers (YDFL). The fiber fabrication facilities are now fabricating double-clad Yb-doped fibers for high-power YDFL. The combiner fabrication facilities are now making the 915nm/1064nm or 975nm/1064nm pump/signal combiners for high-power YDFL. The fiber-Bragg-grating (FBG) fabrication facilities are making 1030~1100 nm FBGs for high-power YDFL. The fiber-handling power capacity for a strand of fiber is increased to 20 kW peak power for pulse fiber lasers and one kilowatts (1.0 kW) power for CW fiber lasers. There are currently 19x1 pump combiners and (18+1):1 pump/signal combiners in commercial market. But, single pump port using 105/125 um standard multi-mode fiber can transmit up to 15 W at the moment. One of the great successes is the development of CW 40kW high-power YDFLs with a good beam quality which is not possible in any other solid-state lasers or gas lasers at that power level. CW fiber lasers are doing welding and cutting in many applications. Very recent new progress is the development of high-power 200W pulse fiber lasers. Now, fiber lasers can substitute many applications which have been performed by traditional YAG lasers and the recent YVO4 lasers.
There are two streams of high-power pulse fiber laser developments such as Seed LD-based Master-Oscillator Power-Amplifier (Seed-LD-MOPA) and Q-switched fiber-laser-based Master-Oscillator Power-Amplifier (QS-MOPA). Both types have advantages and disadvantages. Seed-LD-MOPA can change pulse duration and temporal pulse shape easily, but super-pulsing phenomena and SBS can happen occasionally which can damage the devices or lower the average power. This disadvantage delays the development or field deployment of high-power fiber lasers using Seed-LD-MOPA. QS-MOPA has good power scalability, but the pulse duration and temporal pulse shape are not easily changed. This disadvantage gives us less degree of freedom in using QS-MOPA for many applications. However, these high-power pulse fiber lasers are being penetrated into mass-production area of microelectronics industries such as semiconductor, display, and PCB industries. The microelectronics industry has market size of $402B in 2006 which compositions are $257B, $92B, and $53B for semiconductor, display, and PCB industries, respectively.
In this talk, the recent technology development of the pulse fiber lasers and their composing elements for the industrial applications will be reviewed and also their industrial microelectronics applications will be reviewed.
Brief review on microelectronics industry
In 2007, the size of microelectronics industry was around US$402B including semiconductor industry of US$257B, 1) display industry of US$92B 2) and PCB industry of US$53B. 3) One of the consumer electronics utilizing the microelectronics technology is cellular phone. This fast-growing personal cellular phones in consumer market passed the sales record of one-billion units in 2006 which reached 1.18 billion units in 2007. 4) To engage and support this mass-production industry, a lot of new technologies and dry-processes using lasers has been actively developed. Fundamentally, industrial laser marking or other applications on microelectronics industry should satisfy the five key practical application issues including "Quality or Performance", "Throughput or Speed", "Cost or Total Ownership Cost", "Reliability", and "Support". In addition to these basic requirements, recent trend on marking on semiconductor wafers or devices asks ultra-precision marking and shallow marking. Recently wafer-scale packaging (WSP) is being widely adapted which demands 100um height marking using marking line-width of 30~40 um. System-on-Chip (SoC) or system-in-package (SiP) or multi-chip-package (MCP) are all requiring shallow marking since their EMC mold-package thickness is very thin less than 1.0 mm. Wafer drilling and dicing require feature size of several tens micrometers. Especially wafer dicing requires several complicated physical factors including die strength and survival of severe cycling test, clean-cut wall surface, good cutting of direct attach film (DAF), and proper speed of cutting for achieving economy of throughput. Display applications including transparent Indium-Tin-Oxide (ITO) electrode or non-transparent metal electrode trimming and in-glass marking are also widely employed in flat-panel-display industry. PCB laser drilling is more widely applied since small package for mobile phone and PDA requires smaller interconnection-hole sizes and flexible processing. Embedded PCB laser trimming is being deployed for smaller and thinner package. These drilling and trimming is requiring less than 100 um feature size.
All the above-mentioned microelectronics applications will use pulse fiber lasers in the near future. 5, 6) 
Pulse Fiber Laser using Seed-LD MOPA
Pulse fiber laser using MOPA technology has general configuration as shown Fig.1 .
MOPA pulse fiber laser is composed of Master Oscillator, Fiber-Coupled Laser Diode Pump at 915nm or 975nm, Pump/Signal Combiner, Gain fiber of Yb-doped double-clad fiber (Yb-DCF), and Optical Isolator. The Master Oscillator is the seed laser to supply small-signal pulse train with several mW up to several hundred mW. This can be direct-modulated 1064nm diode laser or Q-switched pulse fiber laser. Yb-DCF is a laser gain medium and has absorption band at 915nm over 20nm bandwidth and 975nm with about 5nm bandwidth. The double-clad structure is needed to guide a signal inside the core and a pump inside the first clad. Whenever the pump beam passes through the core, it is absorbed by the Yb-ions.
Generally, pump beam is absorbed over several meters to several tens meters of Yb-DCF. 915nm or 975nm pumping diode laser (Pumping-LD) is the source of pumping to transfer the Yb-ions from ground level to upper laser level through excited state. It can be single-emitter diode laser or bar diode laser, but bar-type is too much expensive to be applied to commercial fiber lasers. Single-emitter diode laser with up to 10W power is available in the commercial market. Pump/Signal Combiner to combine 1064 nm signal and 915 nm pump is another essential part to make the fiber lasers. (1+1)x1 or (6+1)x1 or (18+1)x1 combiners are available in th commercial market. Optical isolator is another essential core element for pulse fiber lasers since back-reflection may create a critical optical damage in all the optical parts. The details for the elements mentioned will be later.
Seed-LD MOPA uses Seed diode laser (Seed-LD). Seed-LD is modulated directly by external RF signal which can be several kHz up to MHz. 1064 nm Seed-LD is available from several vendors such as Bookham, Lumics, and others. Seed-LD's typical setup and commercially-available product is shown in Fig.2 . CW power level reaches up to 400mW and its modulated average power is about a couple of mW to several tens mW. Pulse duration is from several picosecond to hundreds nanosecond. Some vendor like Picoquant sells picosecond diode laser sources at 1064 nm or other wavelengths.
Pulse Fiber Laser using Q-switched seed-fiber-laser MOPA
Pulse fiber laser using Q-Switched seed-fiber-laser MOPA (QS-MOPA) uses low-power Q-switched fiber laser as a seed laser source.
8) QS-MOPA is consisted of a pair of 1064 nm Fiber-Bragg-Grating (FBG) mirrors with 100% and a partial reflectivities, 915/975 nm pumping LD, pump/signal combiner, Yb-DCF, and fiber-coupled Q-switch. From Q-switched seed fiber laser has output at several hundreds mW to W level. When this is too high, spontaneous multi-pulsing or noise-pulse is generated which is not good for amplification and industrial applications. FBG mirrors are made of photo-sensitive single-mode fiber or undoped double-clad single-mode-core fiber. FBG mirrors make laser cavity. Pumping LD is to feed optical pumping for Yb-DCF. Q-switch is really critical element to generate optical pulses. Rise and fall times with several tens to hundreds nanosecond are generally used to generate a similar level of pulse duration. General QS-MOPA configuration is shown in Fig.3 . Since the fiber-pigtail Q-switch has a high-level of insertion loss, optimizing the fiber laser operation needs a fine tuning. Fiber-pigtail Q-switches are available from several vendors such as Gooch&Housego, Brimrose, IntraAction, and others.
Major components: Gain fiber or Yb-DCF
Gain fiber or Yb-DCF is critical element to make a pulse fiber laser. Q-switched seed fiber laser may have standard 6 um core diameter, but the Yb-DCF at the power amplifier stage needs to have a larger core diameter not to make optical damage due to too much optical intensity. To handle with pulse fiber laser, a careful calculation should be performed for the optical intensity inside the fiber core. General design rule is not to increase the pulse peak power to the level higher than 10kW inside core. There are many different shape of cores to couple 915 or 975 nm pump beam inside the first cladding to the core doped with Yb ions. There are several DCF design such as hexagonal-clad, octagonal-clad, decagon-clad, and many others. Vendors for the DCF are Nufern, CorActive, SPI Lasers, IPG Photonics, Stockeryale, and many others.
Major components: 915/975 nm Pump LD
915 or 975 nm Pump LD with fiber pigtail is another core element. Single-emitter or Bar-type Pump LDs are available in the commercial market. Bar-type Pump LD with up to 70W power is available and has a nice protection from optical damage due to back-reflected 1064 nm signal with still high peak power. Vendors for Bar-type Pump LD are LIMO and Frankfurt Laser Company, and others. But this is too expensive to be applied for industrial fiber lasers. Single-emitter Pump LD has good advantages of low price per watt, ultra-long lifetime, and easy handling. Vendors for Single-emitter Pump LD are Bookham, JDSU, Lumics, IPG Photonics, and others. Pump output fiber is typically 105um standard multi-mode fiber which is easy to couple with double-clad fiber.
Major components: Pump/Signal Combiner
915/1064 nm Pump/Signal Combiner is another core element for pulse fiber laser. Multiple multimode fibers with 105 um core diameter to guide 915 nm pump power is combined with double-clad or single-mode fiber. Insertion loss for this combiner is about 5~10% for pump power and 10~20% for signal power. Vendors for pump/signal combiner are OFS, Sifam, JDSU, ITF, IPG Photonics, and others. (1+1)x1, (2+1)x1, (6+1)x1, and (18+1)x1 combiners are available in the commercial market.
Major components: 1064 nm Seed LD
1064 nm Seed LD is a key component for Seed-LD-MOPA and has telecom-standard butterfly 14-pin package with single-mode fiber pigtail and monitor photodiode. Maximum output power is 150 mW for Lumics LD and 400 mW for Bookham LD. Typical bandwidth is 300MHz, but 30 MHz is also available in external-cavity design. Forward current is 350 mA for 150 mW optical output and 1000 mA for 400 mW optical output. Seed Laser Module has pre-installed pulse-forming circuit, so just TTL signal input can generate optical pulse train. The Module's output is typically several Hz to several hundred MHz repetition rate, several tens to hundreds ns. QPC Lasers also announced 1.5 W at 1064 nm with fiber pigtail.
Major components: Fiber-pigtail Q-switch
Fiber-pigtail Q-switch based on acousto-optic modulation is a key component for QS-MOPA and has a little high insertion of 2~6 dB depending RF frequency or modulation bandwidth. Gooch&Housego (NEOS), Brimrose, and IntraAction are major vendors for this product. For Gooch&Housego products, typical rise/fall time is 10, 25, and 65 ns for 175/110/80 MHz RF frequency and RF power required is usually up to 2 W. For IntraAction Q-switches, typical rise/fall time is 60/120 nsec for 7.5/4 MHz modulation 3 dB bandwidth at 40 MHz. Insertion loss for IntraAction Q-switches is 2.4 ~ 3.0 dB. For Brimrose Q-switch, typical rise/fall time is 100 nsec and insertion loss is 2.5 dB. Usual Q-switch materials are Tellurium Dioxide, Quartz crystal, and Chalcogenide glass. Typical fiber-pigtail Q-switch is shown in Fig.4 .
Major components: Fiber-pigtail Optical Isolator
Fiber-pigtail Optical Isolator has been widely used in optical communications at less than 300 mW optical power level. In 2001, JDSU released 2000 mW optical isolator for Raman fiber amplifier technology/ But it was obsoleted soon since it had twice the price comparing to other popular 300 mW isolators. From 2007, there has been an active effort to develop high power fiber-pigtail optical-isolator for high power pulse fiber lasers. Its operation principle is simple to use Faraday effect utilizing magnetic field which can rotate polarization of the back-reflecting optical signal. Optical isolator to be used up to 10W optical input power for 6/125 um single-mode fiber is available in commercial market. Major vendors for high-power fiber-pigtail optical isolator are OFR, EOT, OZ Fig.3 Schematic for Q-switched seed fiber laser for QS-MOPA pulse fiber laser. Optics, and others. Insertion loss is typically 0.5~1.0 dB depending on the bandwidth and isolation is typically 30 dB. Typical 1064 nm fiber-pigtail optical isolator to be good for pulse fiber laser is shown in Fig.5 .
Microelectronics Applications
Typical applications are precision marking for semiconductor industry and display industry. Marking on Epoxy-Mold-Compound (EMC) is requiring a high level of contrast, depth, line-width, speed, and reliability since semiconductor industry needs a ultra-large-volume production. Typical laser marking processes on EMC are classified as four different types or mixed types such as color change, layer removal, vaporization, and melting shown as in Fig. 6 .
Color change can be classified into two sub-mechanisms such as black carbonization and bleaching or discolouring. But, black carbonization involves small amount of trenching or v-shaped engraving. Using a fiber laser marker, we could achieve 10~20 um line-width laser marking with less than 10 um marking depth on EMC material as shown in Fig. 7 . Fig. 7 shows 15.7 um marking line-width and 300 um character height on SOD EMC material and it took 0.03 sec.
Its depth profile scanned using White-light Interferometer made by Veeco is shown in Fig. 8 .
Typical industrial laser markers are shown in Fig. 9 . Fig. 10 shows variety examples for industrial laser marking applications on plastics, metal, ceramic, glass, semiconductor wafer/mod, wood, and others.
Summary
Pulse fiber laser technology for industrial applications is briefly reviewed and its core component technologies in commercial level are also summarized. Then, its applications for microelectronics industry are reviewed. 
